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Microbial hydrogenase enzymes catalyze the redox interconversion of protons and H 2 using earth abundant metals in their catalytic centers, with [NiFe] , [Fe] , and [FeFe] classes known (1) . The [FeFe] hydrogenases are adept H 2 producers, with turnover frequencies up to 10,000 s −1 (2) . Their catalytic H-cluster ( Fig. 1) consists of a conventional [4Fe-4S] cluster linked to a unique [2Fe] cluster that has two CN − ligands, three CO ligands, and a dithiolate bridge with a central atom X, the chemical identity of which is ambiguous in current X-ray structures (3, 4) . (8, 9) . A diverse array of reactions are powered by the H-atom abstraction capability of the resultant 5'-dA • radical, and current bioinformatics surveys reveal almost 50,000 members of the radical SAM enzyme class (10).
The focus of this report is the HydG maturase. This radical SAM enzyme generates CO, CN − , and p-cresol using free tyrosine as its substrate (11) (12) (13) (14) . Although HydG has yet to be crystallographically characterized, biophysical data indicate that it has two [4Fe-4S] clusters (15, 16) . The SAM-[4Fe-4S] cluster is bound near the N-terminus, whereas the second cluster is modeled as coordinated to three cysteine residues of a CysX 2 CysX 22 Cys sequence near the Cterminus. Sequence homology with other radical SAM enzymes such as biotin synthase and the tyrosine lyase ThiH point to HydG having a triose phosphate isomerase (TIM) barrel structure, 2 in which eight α-helices surround a ring comprised of eight parallel β-strands that contain a buried active site suitable for small molecule substrates (11, 17) .
Like HydG, ThiH also lyses tyrosine, in this case to generate dehydroglycine (DHG) as an intermediate in anaerobic thiamine biosynthesis (18, 19) . (14, 21) . The use of tyrosine isotopologs allows us to determine the identity and electronic structure of paramagnetic reaction intermediates, including a previously unrecognized radical species that derives from free tyrosine. Based on our results, we propose a mechanistic model for the formation of Fe-coordinated CO and CN − ligands that are associated with the C-terminal Fe-S cluster of the HydG maturase, a key step in the assembly of the [2Fe] subunit of the H-cluster.
In order to explore the nature of free tyrosine binding in HydG, we compared both the low field (g>>2) ( Fig We determined the identity of the transient radical signal by using a number of tyrosine isotopologs as substrates in the HydG-catalyzed reaction. Fig. 4A shows a set of Q -band (34 GHz) EPR spectra, with the higher frequency chosen to give better resolution of the structured radical EPR signal. The EPR spectrum of the radical trapped in the natural abundance Tyr sample (Fig. 4Ai) is unaltered by 13 C-labeling at either the C α (Fig. 4Aii) or the COO − carbon (not shown), proving that our cryotrapped radical is not the previously proposed glycyl radical intermediate (20) . In contrast, the lineshape of the radical collapses with 2 H 7 , 15 N-Tyr (Fig.   4Aiii ), a signature that has been used to identify tyrosine protein radicals (26) . Neutral tyrosine (Tyr • ) radicals, like those proposed to be produced by the initial phenolic H-atom abstraction in
HydG (20), have been widely studied with advanced EPR and electronic structure calculations (27, 28) . Fig. 4B illustrates the DFT-derived spin density for such a Tyr • radical. There is a large amount of spin density on the phenolic O as experimentally observed by 17 O labeling (28, 29) , on C3 and C5 as observed by large hyperfine couplings to their respective protons, and on C1
which transfers large and generally inequivalent hyperfine couplings to the two C β protons.
The remaining spectra of Fig. 4A show that we have, in fact, trapped a different radical during the HydG reaction. The spectrum of the 3,5-2 H 2 -Tyr sample (Fig. 4Aiv) is almost identical to that of the natural abundance Tyr sample (Fig. 4Ai) , whereas substituting two additional deuterons on C2 and C6 (Fig. 4Av) causes a dramatic change, showing that electron spin density has shifted from C3 and C5 to C2 and C6. The remaining resolved hyperfine couplings are to the two C β protons, which show the 1:2:1 pattern diagnostic of two equivalently coupled protons. When these are instead deuterated (Fig. 4Avi ), this 1:2:1 pattern is abolished, and we see the largest effect of all the labeled tyrosines, indicating that the greatest spin density is on C β , with equivalent couplings to both bound protons. Moreover, there is no observed 17 O hyperfine coupling in the 4-17 O-Tyr sample ( fig. S3 ), also inconsistent with a Tyr • assignment.
Instead, the pattern of hyperfine couplings, as analyzed through density functional theory (DFT) based simulations ( fig. S3, table S1 ), points to a 4-oxidobenzyl (4OB • ) radical (Fig. 4C) as the origin of the cryotrapped radical EPR signal. This 4OB
• radical, produced by tyrosine C α -C β fragmentation, has its highest spin density at the CH 2 terminus, which is sp 2 -hybridized, giving large and equivalent couplings to these two C β protons. The overall spin density pattern is 6 shifted by one atom relative to a parent Tyr • radical, with higher spin density on C2, C4, and C6 than on C1, C3, and C5, and with a lowered spin density on O (Fig. 4C vs. 4B) . The oxygenprotonated form of the 4OB
• (4-hydroxybenzyl radical) shows a similar calculated shift in its spin density pattern relative to a Tyr • radical ( fig. S3, table S1 ).
Tyrosine binding to the C-terminal cluster and the radical chemistry enabled by the 4OB
• radical are at the heart of our proposed mechanism (Fig. 3) Our proposed mechanism begins with SAM bound at the N-terminal cluster and tyrosine bound at the C-terminal cluster ( Fig. 3 step I) , with reductive cleavage of SAM generating the 5'-dA • radical (Fig. 3 step II) . This radical is quenched by the abstraction of a solvent (Fig. 3 step IV) . Free DHG is unstable, and rapidly hydrolyzes to produce glyoxylate and ammonia, as observed as byproducts in the ThiH reaction in the absence of the other required thiazole precusors (19 DFT-derived spin density of the observed benzylomethyl-4-olate (BM4 • ) radical.
